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We investigate the in-plane anisotropy of Fe 3d orbitals occurring in a wide temperature and composition 
range of BaFe2(As1-xPx)2 system. By employing the angle-resolved photoemission spectroscopy, the lifting of 
degeneracy in dxz and dyz orbitals at the Brillouin zone corners can be obtained as a measure of the orbital anisotropy. In 
the underdoped regime, it starts to evolve on cooling from high temperatures above both antiferromagnetic and 
orthorhombic transitions. With increasing x, it well survives into the superconducting regime, but gradually gets 
suppressed and finally disappears around the non-superconducting transition (x  0.7). The observed spontaneous in-
plane orbital anisotropy, possibly coupled with anisotropic lattice and magnetic fluctuations, implies the rotational-
symmetry broken electronic state working as the stage for the superconductivity in BaFe2(As1-xPx)2. 
 
Iron-based superconductors (1) possess a 
characteristic multi-band structure near the Fermi level 
(EF), reflecting the five orbitals of Fe 3d electrons. In 
addition to the complex magneto-structural phase 
transitions, the lifting of degeneracy in Fe 3dxz/3dyz 
(xz/yz) orbitals, the so-called orbital anisotropy or 
orbital order (2-4), was observed across various Fe-
pnictide/chalcogenide families. In particular, angle-
resolved photoemission spectroscopy (ARPES) has 
revealed the orbital anisotropy appearing as the 
imbalance of xz/yz orbitals at the Brillouin zone (BZ) 
corner, for several classes of materials, such as 
BaFe2As2 family (5-7), NaFeAs (8-9), and FeSe (10-
11). Considering its universality, the orbital anisotropy 
is now believed to be strongly related to the anomalous 
normal state such as the electronic nematicity (8,10-13), 
which has been vigorously discussed in terms of 
magnetic origin (14,15). It is also suggested that the 
orbital fluctuation, which is theoretically known to 
evolve near the orbital-ordered state (16,17), yields a 
sign-preserved s++ wave superconductivity, whereas a 
sign-changing s wave superconductivity is likely 
induced by the spin fluctuation (18,19). The nature of 
the orbital order, in particular to what extent the orbital 
anisotropy persists with ion-substitution and its relation 
to the superconducting (SC) dome appearance, can 
help understand the mechanism of high critical 
temperature (Tc) SC transition in iron-based materials.  
The survival of the orbital-anisotropic state, 
however, has been only investigated for some shallow-
doped Ba(Fe1-xCox)2As2 (6,20). For precisely tracking 
the intrinsic orbital anisotropy beyond the SC dome, 
both materials and methods should be carefully 
selected. ARPES on strain-free crystals is suitable for 
avoiding an extrinsic anisotropy increasing the onset T 
of the orbital order (To) (21). In addition, the isovalent-
ion substituted system is most appropriate for 
thoroughly investigating the degeneracy lifting in the 
xz/yz orbitals, without the influence of the chemical 
potential shift induced by the carrier-doping. Thus, we 
used the strain-free BaFe2(As1-xPx)2 (AsP122) crystals 
with 0.00  x  0.87 and ARPES for revealing the 
orbital-anisotropic region in the phase diagram. 
  
  
Figure 1. (a), First-principles band calculations of FSs for x = 0.00. (b), FS mapping at x = 0.61 by h = 40.8 eV. (c,d), E-k 
im ge and its second-derivative image for x = 0.61 along (0,0) – (,) direction. (e–k), Second-derivative E-k images at the 
BZ corner on twinned crystals of 0.00  x  0.74. (l–r), Schematic band dispersions obtained from (e) to (k). Blue and red 
curves correspond to the band dispersions of yz and xz orbitals, respectively [Supplementary Material 1]. Broken curve in (e) 
shows the degenerate xz/yz band at higher T. 
 
Single crystals of AsP122 with x = 0.00 (TN,s = 136 
K), x = 0.07 (TN,s = 114 K), x = 0.24 (TN,s = 55 K, Tc = 
16 K), x = 0.30 (Tc = 30 K), x = 0.45 (Tc = 22 K), x = 
0.52 (Tc = 15 K), x = 0.61 (Tc = 9 K), x =0.74, x = 0.87 
were grown by a self-flux method as described in Ref. 
22 and 23. Resistivity measurements suggest the high 
quality of the crystals with a residual resistivity ratio of 
 30 (23). ARPES measurements were performed 
using a VG Scienta R4000WAL electron analyzer and 
a helium discharge lamp of hν = 40.8 eV.  
Electronic structure of BaFe2As2 is highly two-
dimensional as indicated by the calculated Fermi 
surfaces (FSs) in Fig. 1(a). Figure 1(b) shows the FS 
image for x = 0.61 from ARPES with h = 40.8 eV. 
Energy-momentum (E-k) image along (0,0) and (,) 
and its second derivative image are shown in Figs. 1(c) 
and 1(d). They exhibit two hole bands at the BZ center 
( and  bands), and an electron band and a hole band 
at the BZ corner (andbands). According to the 
band calculation, the  band reaching the  band at 50 
meV below EF is composed of xz/yz orbital characters. 
Previous ARPES on BaFe2As2 (6) demonstrated that 
degeneracy lifting in xz/yz orbitals appears in the  
band in the orthorhombic antiferromagnetic (AF) state. 
Here we focus on the  band at the BZ corner at low 
T, for the strain-free (twinned) crystals, to estimate the 
orbital anisotropy o = Eyz – Exz. Figures 1(e)-1(k) 
show the second-derivative of E-k images around the 
BZ corner for  0.00  x  0.74, together with the 
schematics of the band dispersions [Figs. 1(l)-1(r)]. For 
x = 0.00, we observed a pair of hole bands with similar 
dispersions as indicated by the  red and blue curves. 
Previous ARPES (6) on de-twinned BaFe2As2 crystals 
confirmed the upward shift of yz hole band and the 
downward shift of xz hole band, appearing at different 
BZ corners [X and Y points in Fig. 2(c)]. In the case of 
twinned crystals, the  bands composed of yz and xz 
orbitals at the X and Y points overlapped in an E-k 
image at the BZ corner. Thus, the observation of the 
pair of hole bands in the AF state is interpreted as 
degeneracy lifting in xz/yz orbitals, i.e. in-plane orbital 
anisotropy. The energy difference between these  
bands gradually decreases with increasing x, and 
disappears around x = 0.74 [Figs. 1(l)-1(r)]. These 
observations indicate that the orbital anisotropy persists 
toward the over-doped (OD) region where the static 
orthorhombicity and antiferromagnetism no longer 
exist. 
 Figure 2. (a,b), Geometry 1 and 2 for the ARPES on de-
twinned crystals, respectively. (c), Momentum cut 
corresponding to the Geometry 1 (2) as indicated by a red 
(blue) line. Photons of h = 40.8 eV probe the BZ center 
near the  plane and the BZ corner near the Z plane, 
respectively (35). (d,e), ARPES images of de-twinned 
BaFe2(As0.7P0.3)2 at 12 K (T < Tc) by around X along ky 
and Y along kx, respectively. The peak positions from 
EDCs and MDCs of ARPES images are superimposed by 
red (xz) and blue (yz) markers, respectively. (f,g), Similar 
to (d,e) recorded at 150 K (T >> Tc). (h-j), Differences 
between APRES images around X(||ky) and Y(||kx) at 12 K, 
30 K and 150 K, respectively. Red and blue intensities 
represent  bands of xz and yz orbitals, respectively. 
 
It is worth mentioning that the signature of the orbital 
anisotropy is found even in the tetragonal SC state 
[Figs. 1(h) and 1(i)]. To confirm the degeneracy lifting 
in xz/yz orbitals in the SC state, we performed ARPES 
on the de-twinned crystals at x = 0.30. As 
schematically shown in Figs. 2(a) and 2(b), the uniaxial 
pressure was applied to the single crystals along [1 1 0] 
direction in the tetragonal notation. This direction is 
denoted the y-axis, corresponding to the shorter b-axis 
in the orthorhombic notation. The x-axis corresponds to 
the a-axis in the orthorhombic notation. In ARPES 
experiments, the crystals were rotated around [0 0 1] in 
situ by 90°, for separately detecting the  bands along 
kx and ky-directions [Fig. 2(c)].  
Figures 2(d) and 2(e) show the band dispersions 
symmetrized with respect to the X and Y points, 
obtained for the SC state of x = 0.30, respectively. Peak 
positions of the energy distribution curves (EDCs) and 
momentum distribution curves (MDCs), plotted in Figs. 
2(d) and 2(e), indicate the  band attaining higher 
energy at Y (||kx), thus confirming the orbital anisotropy  
Figure 3. (a-c), Second-derivative E-k images for x = 
0.30 taken at 130 K, 90 K and 10 K, respectively. Green 
curves are the guides to the eyes. (d) T dependence of the 
second-derivative EDCs of twinned samples of x = 0.30 
taken at the momentum indicated by the broken lines in 
(a-c). Black open circles represent the spectral dips 
corresponding to the energy position of  hole bands. (e-
g), Similar to (a-c) for x = 0.61. (h), Similar to (d) for x = 
0.61. (i-k), Similar to (a-c) for x = 0.87. (l), Similar to (d) 
for x = 0.87. 
 
existing in the SC state. First-principles band 
calculation for BaFe2As2 indicates that the band at X 
(||ky) [Y (||kx)] is composed of xz (yz) orbital; thus, these 
orbitals are marked with red (blue) in Figs. 2(d) and 
2(e). The orbital anisotropy, o = Eyz – Exz, is 
estimated to be ~ 30 meV at the momentum cut 0.3 Å
-1
 
away from the X/Y point, which is comparable to the 
case of twinned crystals [Fig. 1(h)]. These results 
indicate that the lifting of xz/yz orbital degeneracy  in 
the SC state is not quantitatively affected by the de-
twinning procedure. Similar ARPES at 30 K (T  Tc) 
demonstrates the comparable magnitude of orbital non-
equivalency, suggesting that it is almost insensitive to 
the superconductivity onset (not shown). At 150 K (T 
>> Tc), the  bands composed of xz and yz orbitals 
become equivalent [Figs. 2(f) and 2(g)], thus 
recovering the C4 symmetry of the tetragonal lattice in 
the high T region. To emphasize the separation 
between xz and yz orbital bands, we present the images 
indicating the difference of intensities between the E-k 
image at X (||ky) and that at Y (||kx), recorded at 12 K 
[Fig. 2(h)], 30 K [Fig. 2(i)] and 150 K [Fig. 2(j)]. 
While the orthorhombic structural phase has not been 
reported from X-ray diffraction (XRD) at any T for x = 
0.30, the present ARPES may imply the existence of 
some form of orthorhombicity, e.g. the local variation 
or fluctuation of the orthorhombicity as detected for 
BaFe2As2 by neutron powder diffraction (24). 
Figure 4. (a), Summary of x and T dependence of the 
orbital anisotropic parameter o = Eyz - Exz estimated 
from the second-derivative EDCs. (b), The orbital-
anisotropic region (shaded area). Circles (crosses) 
indicate the data points with (without) orbital anisotropy.  
 
To determine the orbital-anisotropic region in the 
phase diagram, we performed ARPES on AsP122 
system for a wide range of x and T. We used twinned 
crystals since the de-twinning procedure may 
extrinsically increase To (21). Figures 3(a)-3(c) show 
E-k images around the X/Y point for x = 0.30 obtained 
at 130 K, 90 K and 10 K, respectively. While a single  
band is observed at 130 K and 90K, it splits into two at 
10 K as indicated by the green curves. To see the T 
dependence in detail, we show in Fig. 3(d) the second 
derivative EDCs at the momentum indicated by the 
dotted white lines in Figs. 3(a)-3(c), plotted for several 
T’s. Spectral dips (open circles) exhibit the energy 
levels of the  band at that momentum. [Supplementary 
Material 1]. In Fig. 3(d), a single dip gradually splits 
into two with lowering T, indicative of the evolution of 
the orbital anisotropy. The T at which the two-dip 
structure appears, corresponding to To, is determined to 
be 90 K for x = 0.30. Similarly, To can be estimated to 
be around 50 K for x = 0.61 [Figs. 3(e)-3(h)]. At x = 
0.87, the double-dip feature is no longer observed 
down to 20 K as shown in Fig. 3(l) [Supplementary 
Material 2]. These observations are summarized in Fig. 
4(a) (25).  
As summarized in Figs. 4(b), To and o of the 
orbital anisotropy are monotonically suppressed toward 
the OD region. Considering that both orthorhombic and 
AF phases show a similar sudden drop immediately 
below x ~ 0.30, the orbital anisotropy seems to be 
decoupled from these two orders. On the other hand, 
the orbital-anisotropic region is nearly equivalent to the 
electronic nematic phase above Ts and TN, detected by 
the torque magnetometry and XRD (26). Such 
coincidence might suggest that the loss of rotational 
symmetry in the lattice and magnetism is induced by 
the orbital anisotropy and cooperatively evolves from 
high-T region. Theoretical studies suggested that the 
imbalance of xz/yz orbitals on the order of 10 meV 
resolves the magnetic frustration between (,) and 
(,–), resulting in the enhancement of spin 
fluctuations (13). Nuclear magnetic resonance studies 
on AsP122 actually reported the spin fluctuations 
evolving around To in a wide range of x, possibly 
supporting the above scenario (27). It is noteworthy 
that the orbital-anisotropic region overlaps the pseudo-
gap (PG) region observed in ARPES (7) and optical 
(28) measurements. Theoretical studies predict that 
spin-nematicity induces the PG in the density of states 
significantly above Ts (29,30). While the origin of 
electronic nematicity in AsP122 should be further 
investigated, these results suggest that the 
superconductivity in AsP122 emerges at the PG state 
where the C4 rotational symmetry is broken in lattice, 
magnetism and orbital degrees of freedoms.  
It is also worth noting that the orbital anisotropy 
seems to disappear simultaneously with the 
superconductivity at x  0.7. In the BaFe2As2 systems, 
the SC dome disappearance has been discussed in 
terms of the breakdown of the FS nesting condition due 
to the carrier doping (31). The origin of the 
superconductivity disappearance around x  0.7 is still 
under debate since the quasi-nested FSs in the 
isovalent-ion doped AsP122 remain in a wide range of 
x (32,33). According to the present ARPES results, the 
orbital anisotropy and/or related anisotropy in the 
lattice and magnetism may be strongly related to the 
expanse of the SC dome in the overdoped AsP122. We 
note, however, that this may be not the universal 
behavior in the iron-based superconductors, 
considering that the phase diagrams of FeCo122 and 
recently reported Fe(Se,S) systems exhibit To ( Ts) 
curves intersecting the SC dome, as observed by 
ARPES studies (6,34). The variety of the orbital-
anisotropic region in the normal state will be a key 
ingredient to systematically understand the diverse 
phase diagrams and SC gap symmetries in the iron-
based superconductors. 
In conclusion, we investigated the orbital 
anisotropy in the AsP122 system by employing 
ARPES. We found that the orbital anisotropy widely 
exists in the phase diagram, including the SC regime. It 
gets monotonically suppressed toward the OD region 
and eventually disappears almost simultaneously with 
the extinction of the SC at x  0.7. The orbital 
anisotropy, possibly accompanying the anisotropic 
lattice and magnetism, may be strongly related to the 
SC dome in AsP122.  
 
References and Notes: 
1. Y. Kamihara, T. Watanabe, M. Hirano,  and H. 
Hosono, J. Am. Chem. Soc. 130, 3296 (2008).  
2. F. Kruger, S. Kumar, J. Zaanen, and J. V. 
Brink, Phys. Rev. B 79, 054504 (2009). 
3. W. Lv, J. Wu, and P. Phillips, Phys. Rev. B 80, 
224506 (2009). 
4. C. -C. Lee, W.-G. Yin, and W. Ku, Phys. Rev. 
Lett. 103, 267001 (2009). 
5. T. Shimojima, K. Ishizaka, Y. Ishida, N. 
Katayama, K. Ohgushi, T. Kiss, M. Okawa, T. Togashi, 
X.-Y. Wang, C.-T. Chen, S. Watanabe, R. Kadota, T. 
Oguchi, A. Chainani, and S.  Shin, Phys. Rev. Lett. 104, 
057002 (2010). 
6. M. Yi, D. Lu, J.-H. Chu, J. G. Analytis, A. P. 
Sorini, A. F. Kemper, B. Moritz, S.-K. Mo, R. G. 
Moore, M. Hashimoto, W.-S. Lee, Z. Hussain, T. P. 
Devereaux, I. R. Fisher, and Z.-X. Shen, Proc. Natl. 
Acad. Sci. U.S.A. 108, 6878-6883 (2011). 
7. T. Shimojima, T. Sonobe, W. Malaeb, K. 
Shinada, A. Chainani, S. Shin, T. Yoshida, S. Ideta, A. 
Fujimori, H. Kumigashira, K. Ono, Y. Nakashima, H. 
Anzai, M. Arita, A. Ino, H. Namatame, M. Taniguchi, 
M. Nakajima, S. Uchida, Y. Tomioka, T. Ito, K. Kihou, 
C. H. Lee, A. Iyo, H. Eisaki, K. Ohgushi, S. Kasahara, 
T. Terashima, H. Ikeda, T. Shibauchi, Y. Matsuda, and 
K. Ishizaka, Phys. Rev. B 89, 045101 (2014). 
8. M. Yi, D. H. Lu, R. G. Moore, K. Kihou, C. H. 
Lee, A. Iyo, H. Eisaki, T. Yoshida, A. Fujimori, and Z.-
X. Shen, New J. Phys. 14, 073019 (2012). 
9. Y. Zhang, C. He, Z. R. Ye, J. Jiang, F. Chen, 
M. Xu, Q. Q. Ge, B. P. Xie, J. Wei, M. Aeschlimann, 
X. Y. Cui, M. Shi, J. P. Hu, and D. L. Feng, Phys. Rev. 
B 85, 085121 (2012). 
10. K. Nakayama, Y. Miyata, G. N. Phan, T. Sato, 
Y. Tanabe, T. Urata, K. Tanigaki, and T. Takahashi, 
Phys. Rev. Lett. 113, 237001 (2014). 
11. T. Shimojima, Y. Suzuki, T. Sonobe, A. 
Nakamura, M. Sakano, J. Omachi, K. Yoshioka, M. 
Kuwata-Gonokami, K. Ono, H. Kumigashira, A. E. 
Böhmer, F. Hardy, T. Wolf, C. Meingast, H. v. 
Löhneysen, H. Ikeda, and K. Ishizaka, Phys. Rev. B 90, 
121111 (2014). 
12. S.-H. Baek, D. V. Efremov, J. M. Ok, and J. S. 
Kim, B. Büchner Jeroen van den Brink, Nature 
Materials 14, 210-214 (2015). 
13. H. Kontani , T. Saito, and S. Onari, Phys. Rev. 
B 84, 024528 (2011). 
14. Y. Qi, and C. Xu, Phys. Rev. B 80, 094402 
(2009). 
15. R. M. Fernandes, A. V. Chubukov, and J. 
Schmalian, Nature Physics 10, 97-104 (2014).  
16. H. Kontani, and S. Onari, Phys. Rev. Lett. 104, 
157001 (2010). 
17. Y. Yanagi, Y. Yamakawa, and Y. Ōno. Phys. 
Rev. B 81, 054518 (2010). 
18. I. I. Mazin, D. J. Singh, M. D. Johannes, and 
M. H. Du, Phys. Rev. Lett. 101, 057003 (2008). 
19. K. Kuroki, S. Onari, R. Arita, H. Usui, Y. 
Tanaka, H. Kontani, and H. Aoki, Phys. Rev. Lett. 101, 
087004 (2008). 
20. Y. K. Kim, W. S. Jung, G. R. Han, K.-Y. Choi, 
C.-C. Chen, T. P. Devereaux, A. Chainani, J. 
Miyawaki, Y. Takata, Y. Tanaka, M. Oura, S. Shin, A. 
P. Singh, H. G. Lee, J.-Y. Kim, and C. Kim, Phys. Rev. 
Lett. 111, 217001 (2013). 
21. I. R. Fisher, L. Degiorgi, and Z. -X. Shen, Rep. 
Prog. Phys. 74, 124506 (2011). 
22. K. Ohgushi, and Y. Kiuchi, Phys. Rev. B 85, 
064522 (2012). 
23. M. Nakajima, S. Uchida, K. Kihou, C.H. Lee, 
A. Iyo, and H. Eisaki, J. Phys. Soc. Jpn. 81, 104710 
(2012).  
24. J. L. Niedziela, M. A. McGuire, and T. Egami, 
Phys. Rev. B 86, 174113 (2012). 
25. In this work, we find that the relation of Ts < 
To holds in both as-grown and annealed crystals: The 
annealed crystals are considered to be of high purity 
and more homogeneous than the as-grown samples. 
The present result confirms that the inhomogeneity 
and/or fluctuations in the sample quality have no 
serious effect on the determination of To in the present 
ARPES. 
26. S. Kasahara, H. J. Shi, K. Hashimoto, S. 
Tonegawa, Y. Mizukami, T. Shibauchi, K. Sugimoto, T. 
Fukuda, T. Terashima, A. H. Nevidomskyy, and Y. 
Matsuda, Nature 486, 382-385 (2012). 
27. Y. Nakai, T. Iye, S. Kitagawa, K. Ishida, S. 
Kasahara, T. Shibauchi, Y. Matsuda, H. Ikeda, and T. 
Terashima, Phys. Rev. B 87, 174507 (2013). 
28. S. J. Moon, A. A. Schafgans, S. Kasahara, T. 
Shibauchi, T. Terashima, Y. Matsuda, M. A. Tanatar, R. 
Prozorov, A. Thaler, P. C. Canfield, A. S. Sefat, D. 
Mandrus, and D. N. Basov, Phys. Rev. Lett. 109, 
027006 (2012). 
29. R. M. Fernandes, A. V. Chubukov, J. Knolle, I. 
Eremin, and J. Schmalian, Phys. Rev. B 85, 024534 
(2012). 
30. S. Liang, A. Mukherjee, N. D. Patel, C. B. 
Bishop, E. Dagotto, and A. Moreo, Phys. Rev. B 90, 
184507 (2014). 
31. M. Neupane, P. Richard, Y.-M. Xu, K. 
Nakayama, T. Sato, T. Takahashi, A. V. Federov, G. 
Xu, X. Dai, Z. Fang, Z. Wang, G.-F. Chen, N.-L. Wang, 
H.-H. Wen, and H. Ding, Phys. Rev. B 83, 094522 
(2011). 
32. J. G. Analytis, J.-H. Chu, R. D. McDonald, S. 
C. Riggs, and I. R. Fisher, Phys. Rev. Lett. 105, 207004 
(2010). 
33. B. J. Arnold, S. Kasahara, A. I. Coldea, T. 
Terashima, Y. Matsuda, T. Shibauchi, and A. 
Carrington, Phys. Rev. B 83, 220504(R) (2011). 
34. Y. Suzuki et al., unpublished 
35. W. Malaeb, T. Yoshida, A. Fujimori, M. 
Kubota, K. Ono, K. Kihou, P. M. Shirage, H. Kito, A. 
Iyo, H. Eisaki, Y. Nakajima, T. Tamegai, and R. Arita, 
J. Phys. Soc. Jpn. 78, 123706 (2009). 
 
Acknowledgments: We thank Y. Matsuda, T. 
Shibauchi, S. Kasahara, T. Yoshida, A. Fujimori and H. 
Kontani for valuable discussions. We acknowledge H. 
Ikeda for valuable discussions and first-principles band 
calculations. This research was supported by Toray 
Science Foundation; Precursory Research for 
Embryonic Science and Technology (PRESTO), Japan 
Science and Technology Agency; the Photon Frontier 
Network Program of the MEXT, Japan; and Research 
Hub for Advanced Nano Characterization, The 
University of Tokyo, supported by MEXT, Japan. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Materials for 
Orbital anisotropy underlying the superconducting dome 
in BaFe2(As1-xPx)2 superconductors 
 
T. Sonobe
1
, T. Shimojima
1
, A. Nakamura
1
, M. Nakajima
2
, S. Uchida
3
 K. Kihou
4
, C. H. Lee
4
, A. Iyo
4
, 
H. Eisaki
4
, K. Ohgushi
5
, K. Ishizaka
1 
1 Quantum-Phase Electronics Center (QPEC) and Department of Applied Physics, The University of 
Tokyo, Bunkyo, Tokyo 113-8656, Japan 
2 Department of Physics, Osaka University, Toyonaka, Osaka 560-8531, Japan. 
3 Department of Physics, The University of Tokyo, Bunkyo, Tokyo 113-0033, Japan. 
4 National Institute of Advanced Industrial Science and Technology, Tsukuba 305-8568, Japan. 
5 Department of Physics, Tohoku University, Sendai, Miyagi 980-8578, Japan. 
 
 
1. Data analysis of the energy position of xz and yz orbital bands 
Here we describe the analysis details regarding the determination of the  hole band positions in 
Figs. 1 and 3. Figures S1(a) and S1(b) show the E-k image and its second-derivative image near the X/Y 
point at 10 K for x = 0.30, respectively. Owing to the presence of twined domains, the bands composed 
of yz and xz orbitals were observed in the E-k image as indicated by the blue and red curves, 
respectively. Figure S1(c) exhibits the raw EDC and its second-derivative plot at the momentum 
indicated by a white broken line in Figs. S1(a) and S1(b). We note that the peak at 75 meV (red broken 
line) and the shoulder at 45 meV (blue broken line) in the EDC correspond to the  bands composed of 
xz and yz orbitals, respectively. The energy position of each band was determined by the position of the 
local minima in the second-derivative plot as shown by the broken lines in Fig. S1(c). 
Based on the  hole band positions (the dip positions in the second-derivative EDCs), we obtained 
the schematic band dispersions in Figures 1(l)-1(r). Figures S2(a)-S2(i) show second-derivative EDCs 
near the X/Y point in an interval of 0.025 Å-1 at 30 K for x = 0.00 and 0.07, 20K for x = 0.52, 0.74, 0.87 
and 10 K for x = 0.30, 0.45 and 0.61, respectively. Systematic parallel shift of the double dip feature 
confirms degeneracy lifting in xz/yz orbitals in the  bands for 0.0  x  0.61. In contrast, single  band 
was observed for x = 0.74 and 0.87, which confirms an absence of the orbital anisotropy.  
 
 
2. T dependence of second derivative EDCs near the X/Y point for other compounds 
We show the details of the determination of the To for x = 0.24, 0.45 and 0.74. Figure S3 exhibits the 
second derivative E-k images and EDCs. Similar to the Figure 3, the orbital anisotropy  and To for x = 
0.24, 0.45 and 0.74 were obtained from Figs. S3 and they are summarized in the Figure 4(a) and 4(b). In 
order to extract a general trend of the orbital anisotropy in AsP122 regardless of the sample preparation 
method, we used as-grown crystals for x = 0.00, 0.07, 0.30 and annealed crystals for x = 0.24, 0.45, 0.52, 
0.61, 0.74 and 0.87. 
 
 
 
 
 
 
Figure S1. (a,b) E-k image and its second-derivative image of twinned sample for x = 0.30 at 10 K 
along (0,0) – () direction, respectively. (c), EDC and its second-derivative taken at the momentum 
indicated by the broken white line in (a) and (b). Blue and red broken lines represent the energy 
positions of the yz and xz orbital  bands, respectively. 
 
 
Figure S2. (a-i), x dependence of second-derivative EDCs in an interval of 0.025 Å
-1
 near X/Y point at 
30 K for x = 0.00 and 0.07, 20K for x = 0.52, 0.74 and 0.87, 10 K for x = 0.24, 0.30, 0.45 and 0.61, 
respectively. Black open circles represent dip positions in the spectra corresponding to the energy 
position of the  hole bands.  
 
 Figure S3. (a-c), Second-derivative E-k images for x = 0.24 taken at 130 K, 70 K and 10 K, respectively. 
Green curves are the guides to the eyes. (d) T dependence of the second-derivative EDCs of twinned 
samples of x = 0.24 taken at the momentum indicated by the broken lines in (a-c). Black open circles 
represent the spectral dips corresponding to the energy position of  hole bands. (e-g), Similar to (a-c) 
for x = 0.45. (h), Similar to (d) for x = 0.45. (i-k), Similar to (a-c) for x = 0.74. (l), Similar to (d) for x = 
0.74. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
